■ Abstract As whole-genome sequencing efforts extend beyond more traditional model organisms to include a deep diversity of species, comparative genomic analyses will be further empowered to reveal insights into the human genome and its evolution. The discovery and annotation of functional genomic elements is a necessary step toward a detailed understanding of our biology, and sequence comparisons have proven to be an integral tool for that task. This review is structured to broadly reflect the statistical challenges in discriminating these functional elements from the bulk of the genome that has evolved neutrally. Specifically, we review the comparative genomics literature in terms of specificity, sensitivity, and phylogenetic scope, as well as the trade-offs that relate these factors in standard analyses. We consider the impact of an expanding diversity of orthologous sequences on our ability to resolve functional elements. This impact is assessed through both recent comparative analyses of deep alignments and mathematical modeling.
INTRODUCTION
Toward the goal of understanding human biology and disease, the use of experimentally amenable model organisms has been and remains the dominant paradigm in basic biomedical research. A chosen few of these organisms, for reasons practical and historical, have received intense concentration, and emerged as the standard bearers of their phyla. This select group, collectively the "Security Council of Model Genetic Organisms" (37) , includes lambda phage (88) , Bacillus subtilis (59) , Escherichia coli (11) , Saccharomyces cerevisiae (42), Chlamydomonas reinhardtii (92) , Arabidopsis thaliana (5), Caenorhabditis elegans (18) , Drosophila melanogaster (2), and Mus musculus (75) , in addition to humans (50).
The model organisms of the Security Council were chosen for their suitability to experimental genetics. Recently, comparative sequence analysis of model organism genes and genomes has emerged as a powerful approach complementary 144 STONE COOPER SIDOW to experimentation, facilitating the discovery of genomic elements that have common functions within the human and other lineages. Because mutations within functional regions usually confer a selective disadvantage, they are less likely to result in evolutionary change (56). This pressure to maintain function, defined as evolutionary constraint, restricts the space of sequences that evolution can explore, reducing evolutionary rates to less than neutral expectation and ultimately manifesting as sequence "conservation."
The relationship between biological function and evolutionary constraint provides a powerful mechanism for the discovery of functional elements based on orthologous sequence comparisons. The annotation of protein-coding genes in the human genome, for example, can be significantly improved through comparisons with the mouse genome sequence (83) . The promise of this approach was supported by early observations that orthologous mouse and human coding exons typically exhibited 75% to 95% identity at the nucleotide level, contrasted with 60% or lower similarity levels throughout most aligned regions (75) . One of the best examples of the effectiveness of human-mouse comparisons is the discovery of the ApoAV gene, which plays an important role in controlling triglyceride levels (84) .
However, various studies over the past several years have made it readily apparent that most of the constrained fraction of the human genome does not code for proteins: While ∼5% to 6% of the genome is constrained (24, 75, 86) , protein coding exons only occupy ∼1.2%, with untranslated regions of their associated transcripts occupying an additional ∼0.7% (51). The relative abundance of noncoding constrained elements can be found at all levels of stringency, ranging from intensely to weakly constrained (8, 24, 28) . The abundance of these conserved noncoding elements, coupled with our relative lack of understanding of their functions, has elevated their annotation and characterization to a high priority (21, 34) .
For those elements that function as noncoding RNAs, the existence of recognizable patterns in conjunction with comparative analyses has allowed substantial progress in both their identification and functional characterization throughout eukaryotic genomes (9, 29, 62, 65, 72, 79, 102) . The vast majority of conserved noncoding sequences, however, fail to conform to any known regular pattern, and interspecies conservation remains the primary tool for their discovery and guides subsequent experimentation. In this review, we focus on the efficacy of this process in an era of diverse sequence data, specifically with regard to noncoding elements that do not appear to be transcribed. These include, but are not necessarily restricted to, elements that regulate chromatin structure and gene expression, such as promoters, enhancers, silencers, and insulator elements.
With the recent completion of genome sequences from a number of important organisms, the comparative genomics literature has grown considerably. In response to the rapid publication of methods and their applications, a variety of informative reviews have been written recently. In particular, there was a comprehensive survey of the field in this series last year (73) , and Ureta-Vidal et al. (98) provided a detailed examination of important methods. Enard & Paabo (33) gave another review of comparative genomics that emphasized the impact of the field to our understanding of primate evolution. An interesting discussion of the 145 role of phylogenetic scope, defined as the taxonomic range of species included in sequence comparisons, was provided by Boffelli et al. (13) , contrasting the contributions of species placed on the proximal and distal edges of the vertebrate phylogeny. In addition, a discussion of the classes of human functional elements that can be found using various phylogenetic scopes can be found in Reference 23. For a short primer on the field, see Reference 47.
Though the extant review literature encompasses many aspects of comparative genomics, there does not appear to be any focused treatment of the quantitative impact of an expanding sequence repertoire. Supported by the results of recent studies that analyzed deep genomic sequence alignments, we embark on this task here. Comparative sequence analyses are necessarily based on multiple sequence alignments and well characterized species phylogenies. A number of methods exist for both computing genomic multiple sequence alignments (10, 15-17, 25, 90) and constructing trees (35, 36, 39, 53, 80, 100, 101) , but these issues are beyond the scope of our review. We review the field of comparative genomics through the knowledge gained from sequence diversity and depth. We emphasize the impact of deep sequence on the universal features of comparative methodology: specificity, sensitivity (Figure 1) , and phylogenetic scope. By reflecting on what we have learned, we speculate on the nature of future gains and provide a straightforward quantitative model that captures the relationships between sequence diversity, specificity, and sensitivity in the context of detecting the impact of purifying selection on genomic sequences.
SEQUENCE DIVERSITY PERMITS GREATER SPECIFICITY
The ability of genomic sequence comparisons to resolve cases of purifying selection is intimately tied to the neutral rate of evolution. Orthologous instances of functional elements that have evolved slowly due to selective constraints can be detected by their sequence similarity; however, ancestral sequences that have evolved slowly by chance are indistinguishable from their functional counterparts. The relative rate at which neutral sequences evolve, as compared to the rate of evolution for sequences under selective constraints, is the determining factor in the efficacy of comparative methods in distinguishing functional elements. Specificity, which quantifies the extent to which neutral sequence is misidentified as functional, is thus largely a function of evolutionary distance, expressed as nucleotide substitutions affecting neutrally evolving sites.
Many of the early successes of vertebrate comparative genomics were necessarily sequence comparisons between human and mouse (57, 68, 78). Human-mouse studies profit from an evolutionary distance between the species that is sufficient but not excessive (95) ; a large fraction of their genome sequences can be aligned, and functional elements can be identified by their conservation against the neutral background. Efficient identification of these functional elements, however, requires the adoption of a significance threshold strict enough to preclude many of the slower-evolving neutral regions that can be aligned (75, 91) . Successful Figure 1 Specificity, sensitivity, and prediction. Coincidence of prediction and truth define the four outcomes that may result from the statistical testing of genomic sequence for functionality. True positives (TP) represent correctly determined functional elements, whereas false negatives (FN) correspond to functional elements that are missed. Sensitivity measures the fraction of functional elements that a procedure is able to detect. False positives (FP) designate nonfunctional sequences mistakenly predicted to be functional, whereas true negatives (TN) are nonfunctional sequences that have been correctly determined as such. Specificity measures the fraction of total nonfunctional sequences that can be properly identified. strategies based on a requirement of at least 70% identity [or 80%, e.g., (97) ] over 100 consecutive bases have been used in numerous studies, including the identification of a coordinate regulator of Interleukins 4, 13, and 5 (63) and a comprehensive analysis of human chromosome 21 (27) .
Generally, such threshold-based approaches fall into one of two categories, depending on the style of subsequent analysis. The first category consists of studies that nominate the most highly conserved elements for experimental assay, such as Reference 63, and a study that discovered a novel sequence regulating ABCA1 (85) . The second category consists of approaches that seek to broadly characterize conserved elements that meet threshold requirements. An example for this type of study includes the recent determination that a significant fraction of elements so chosen overlap predicted matrix-scaffold attachment regions (41). Approaches of the first category are highly specific, but by design lack any meaningful sensitivity; by contrast, the second category is largely composed of sensitive studies that are prone to admitting false positives (Figure 2a) . (24) ] to resolve classes of functional elements is described in terms of false positive rates (right vertical axis, log scale) and false negative rates (horizontal axis, log scale). False positive rates are governed by the percent identity thresholds shown on the left vertical axis. False negative rates depend both on that threshold and the relative rate of neutral evolution at which conserved elements evolve; classes of relative rates are indicated by shaded regions of the plot, increasing in tint from light to dark. Calculations here and subsequent assume a Jukes-Cantor (J-C) one-parameter model of evolution (54). (b) The ability of 100-bp human-chicken sequence comparisons [at a neutral distance of 1.66 subs/site (49)] to resolve classes of functional elements is shown as in (a). (c) The plot of (a), with relative rates of functional elements now shown in steps of 0.01 as shaded contours. Both black circles correspond to the detection of elements evolving at 20% of the neutral rate. The lower left circle shows the performance of detection at a threshold of 70% identity; the upper right circle shows the same at a threshold of 80%.
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By considering vertebrate genomes more distant than mouse for comparison to human, specificity can be remarkably improved (Figure 2b ). For example, humanfugu comparisons were used to identify 25 highly conserved noncoding sequences flanking 4 developmental regulators (SOX21, PAX6, HLXB9, SHH), and 23 of these exhibited enhancer activity in one or more tissues of zebrafish embryos (99) . An alternative approach to gaining specificity is to tighten the human-mouse threshold parameters at the sacrifice of some sensitivity (Figure 2c ). In fact, a recent study examined the distributions of human-mouse and human-fugu conserved elements to derive threshold criteria for human-mouse that mimicked the efficiency of humanfugu comparisons (82) . That such analogous criteria exist illustrates the duality between sensitivity and specificity, and underscores the analytical limitations inherent to pairwise comparisons. Better discrimination of functional elements is obtained by orthologous sequence from additional species.
In the simplest case of extension beyond pairwise comparisons, genomic sequence from a third species can be used to filter the identified conserved elements. By increasing the total evolutionary divergence considered, this strategy can improve specificity. If the third species is highly diverged, the initial list of candidate elements can be drastically reduced, although scope limitations will significantly reduce sensitivity. Chicken sequence, for instance, was used to isolate a unique element in the 10-kbp region upstream of the homeobox gene Nkx2-5 from those initially obtained by human-mouse comparison (61) . The availability of a complete draft of the chicken genome sequence should make this a prevalent technique to dramatically improve specificity of human-mouse comparisons, especially in light of the observation that only a small fraction of the human genome (∼2.5%) can be aligned with the chicken genome (49).
The use of multiple species comparisons to dramatically improve specificity in the detection of functional elements is expanding rapidly, especially with the recent completion of several important genomes (4, 49, 52, 75, 86) . A variety of examples highlight this literature, including the discovery of elements that regulate the expression of the stem cell leukemia (SCL) gene (45) and the identification of elements that enhance expression of the Dlx genes in the vertebrate forebrain (40). Another example is the comparative approach used to locate long-range enhancers of DACH (77) . Using human-mouse comparisons, 1098 conserved noncoding sequences (>100 bp and with >70% identity) were discovered in a 2630-kbp targeted region. To limit the search, these 1098 sequences were filtered according to their presence in frog, zebrafish, and two pufferfish. By excluding those sequences not present in all species, the number of conserved sequences was reduced to 32; of 9 tested, 7 were enhancers. Examples of regulatory elements identified using comparisons confined to multiple mammalian sequences are also beginning to accumulate, including discoveries made using human, mouse, and rat (67) , and also by inclusion of marsupial sequence, whose evolutionary distance from placental mammals can provide significant specificity gains (19) .
Importantly, the specificity that multiple comparisons can achieve makes more refined investigations possible; the 100-bp windows common to human-mouse comparisons can be shortened considerably in deeper analyses. This was demonstrated in a multispecies analysis of the murine early enhancer of Hoxc8 (94) , which showed that eight diverse mammals were sufficient to resolve transcription factor binding sites (TFBSs) at significance using only small windows of sequence conservation. This point was further illustrated in comparisons of the human, mouse, and rat genome sequences, demonstrating reasonable specificity at a resolution of 50 bp (24) , in agreement with a recent theoretical analysis (30) .
With sufficient sequence diversity, it should be possible to dispense with length criteria entirely. Despite uncertainty in the number of sequenced genomes that may be required, resolving constraint at the nucleotide level is a goal that will ultimately be achieved (22, 30) . We can already be confident that invariant nucleotides in deep multiple sequence comparisons are under some degree of purifying selection. Increased specificity through sequencing will allow us to identify less radical signatures of functional importance at the finest level of resolution possible.
SEQUENCE DIVERSITY LEADS TO INCREASED SENSITIVITY
The vast majority of functional elements, although under purifying selection, will stochastically accumulate substitutions at a nontrivial fraction of the neutral rate. Thus, although conservation is a reliable guide to locating important elements (46), the ability of functional sequence to tolerate such change complicates its discrimination from neutral DNA. By chance, some elements will have changed so much that they fall short of the conservation thresholds required for detection. Reflecting this, sensitivity quantifies the extent to which functional sequence is misidentified as neutral because of accumulated evolutionary change. As demonstrated by the examples of the previous section, sensitivity and specificity are interrelated in their opposition. But whereas above we were primarily concerned with neutral sequence that has evolved slowly by chance, the discussion here focuses on identifying functional sequence despite the accumulation of evolutionary change. The accurate resolution of both cases requires effective discrimination that relies on neutrally evolving sequence appearing less similar than its functional counterpart.
Achieving effective discrimination is a problem for comparisons both of distantly related and closely related species; however, the troubles in each case are distinct (Figure 3) . Distant sequence comparisons are hampered by mutational saturation; given enough time, even slowly evolving functional sequence will accumulate enough changes to appear to have evolved unconstrained. Conversely, over short periods of time, even rapidly evolving neutral sequence will not accumulate enough changes to be distinguishable from an instance of purifying selection. Within the vertebrate scope, distant comparisons are subject to saturation in moderately constrained elements, but still allow useful levels of sensitivity for the most strongly constrained elements. For instance, human-fish sequence comparisons have been used to successfully identify both coding genes (1, 4) and regulatory elements (7, 99). It must be borne in mind, however, that elements detectable by such comparisons are a small minority of all human functional elements.
Although more rapidly evolving functional elements may be rendered imperceptible by saturation, the inclusion of additional vertebrate genomes is straightforward. By contrast, the augmentation of comparisons of closely related species is hindered by a restrictive phylogenetic scope. Put another way, although one well-placed species can improve a comparison of distant sequences dramatically, the sequences of many closely related species are required to obtain the aggregate evolutionary divergence necessary to discriminate neutral and functional DNA. Based on this premise, phylogenetic shadowing (12, 81) was proposed as a method of orthologous sequence comparison to detect functional elements from extraordinary species diversity within a narrow evolutionary scope. As with other comparative approaches, shadowing relies on gathering sufficient neutral variation to contrast the signature of purifying selection. Thus, the method can be used to similar ends as distant comparisons, but it is uniquely suited to identifying lineagespecific functional elements. For example, by analyzing 18 primate sequences orthologous to a 1.6-kbp region of the Apo(a) locus, phylogenetic shadowing uncovered novel transcriptional regulation of a gene found only in Old World monkeys and hominids (12, 60) .
The limitations on sensitivity to lineage-specific gains are paralleled by the obstacles presented by lineage-specific losses. In particular, the lineage-specific loss of functional elements (6, 58) undermines their discovery from a comparison of a limited number of species. The mouse and rat genomes, despite their frequent inclusion in comparative studies, may be suboptimal in this regard for discovering common mammalian functional elements. The relatively rapid rate of molecular evolution of rodent genomes, in terms of both small-scale (86, 96) and largescale (14) changes, may have resulted in greater turnover of functional elements, especially in contrast to the more slowly evolving genomes characteristic of other mammalian lineages such as primate or elephant (14, 66, 76) .
TFBSs are one class of functional elements for which there is direct evidence that evolutionary turnover may be a problem. Despite the fact that a number of studies have successfully leveraged sequence comparisons to detect TFBSs (55, 64, 71, 74, 94), experimental data from functional studies of 20 regulatory regions revealed that 32% to 40% of the human functional sites were not functional in rodents (26) . It is probable in these cases that including rodent sequence in a comparative analysis will obscure the functional human element unless other genomes are also utilized. An additional concern is that although some lineages may be more prone to loss than others, the phenomenon and its effect on sensitivity are widespread. Illustrating this, a comparative analysis of horse, cow, pig, dog, cat, and mouse sequence orthologous to the SIM2 gene interval on human chromosome 21 revealed that sequences conserved only in a limited subset of the investigated mammals were frequently functional (38) .
The extent to which evolutionary variation obscures the detection of functional elements by comparative methods is difficult to estimate, owing to our limited understanding of noncoding functional sequence. Reliable analyses of sensitivity are hampered by the lack of any large-scale "gold standard," an experimentally verified data set that comprehensively captures the functional elements in a given region for a given species (20, 32) . In the absence of such validation, less representative experimental data can still be used to roughly estimate false negative rates. For example, human-mouse-rat comparisons recently demonstrated 100% sensitivity in detecting six experimentally identified functional binding sites using conservation criteria and a known binding motif (86) . Regions that have been intensely studied, both by experimentation and comparative analyses, present the most immediate solution to improving the estimation of sensitivity; examples include the Hox gene clusters (3, 87, 89) and the β-globin (31, 68) and SCL loci (20, (43) (44) (45) .
A useful, comprehensive, and currently more tractable alternative to experimental validation can be found in data sets derived by computation alone. This strategy is particularly suited to functional elements under strong purifying selection, as a reasonable validation set can be built from the conserved elements obtained from a deep multiple sequence comparison. For instance, multispecies conserved sequences (MCSs) were suggested as a set of candidate elements of functional importance (70) . MCSs derived from 12 vertebrate sequences orthologous to a 1.9-Mbp stretch of the human CFTR region (34, 96) were used to estimate the ability of species subsets to resolve constrained elements (70, 96) . For placing pairwise studies in perspective, the performance of human-mouse comparisons on the MCS validation set is noteworthy: At an 85% identity threshold for humanmouse alignment, only 41% of MCS bases were covered.
The sensitivity achievable by comparative analyses is strongly dependent on how functional sequence evolves. The genomes already sequenced and in the pipeline should collectively permit a wholesale identification of the noncoding functional elements that are highly conserved throughout vertebrate evolution. The extent to which purifying selection has acted on these widely conserved sequences suggests that they play fundamental roles in organismal function and development (8, 87) . Many ubiquitously conserved noncoding elements are involved in regulating developmental genes, and recent work provides further evidence that this may be the case (99) . Despite the high level of interest that these sequences generate, they represent only the lowest-hanging fruit. Comprehensively cataloging the functional elements of the human genome will require the identification of weaker signatures of selection, a task that can only be achieved with substantial sequence diversity.
MODELING THE TRADE-OFFS IN COMPARATIVE ANALYSES
We discuss sensitivity and specificity as complementary measures describing the efficacy of a comparative analysis in locating slowly evolving genomic regions. This efficacy is founded on a number of parameters that vary with each application, including the thresholds of X% identity over Y base pairs that have been used in pairwise comparisons. Such studies, although simple in their approach, are sufficient to illustrate many of the trade-offs inherent to comparative analyses. Figure 4 depicts the false positive and false negative error rates in using humanmouse comparisons to discover elements of fixed length Y evolving fivefold slower than neutral. For pairs of threshold parameters X and Y, the coincidence of false positive and false negative error rates is qualitatively described. We used false positive and false negative error rate boundaries of 10 −6 per element to draw the
Figure 4
Balancing sensitivity and specificity in pairwise comparisons. The performance of human-mouse sequence comparisons is qualitatively described at varying detection thresholds. The horizontal axis shows the length of sequence considered; the vertical axis indicates the percent identity required for a sequence to be predicted as functional. A false negative rate of less than 10 −6 is described as "sensitive," with the alternative considered "weak." A false positive rate of less than 10 −6 is "specific" and the alternative is considered "noisy."
figure. As shown, it is easy to bound exactly one of the error rates by choosing restrictive values of X and Y; however, striking a useful balance between the two requires carefully chosen thresholds.
The practical difficulty with balancing false positive and false negative predictions is that calculations of false negative rates depend on the relative rate at which conserved elements are presumed to evolve. This factor, which we call gamma (above set to 0.2 for fivefold reduction), is another parameter that enters even the most basic analysis. The genome-wide distribution of these gammas is of fundamental interest and reflects the variable strength of selection on functional DNA. Related to this distribution is the density of functional elements within the human genome, that quantity, which, along with gamma, translates false positive and false negative rates into specificity and sensitivity (see Figure 1) . Although there is evidence that the fraction of the human genome under purifying selection is around 5%, this value and the portion of it attributable to noncoding functional elements are only rough estimates of the truth. By illuminating the spectrum of conservation that selection processes induce across the genome, large-scale studies such as the ENCyclopedia of DNA Elements (ENCODE) project (34) will provide the first reliable estimates of these critical quantities.
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Beyond Pairwise Comparisons
Despite the utility of pairwise analyses in illustrating the trade-offs in comparative genomics, issues such as phylogenetic scope and sequence diversity do not translate to this setting. To expand the discussion, we turn to a model that is suitable for capturing the trade-offs inherent to multiple comparisons ( Figure 5 ). Our approach is similar to a recently published model that was accompanied by a thorough mathematical analysis (30) . Here we concentrate on a quantitative treatment of the relationships between some of the parameters previously described. Because such treatment requires a set of strong simplifying assumptions, the precise conclusions should be regarded as qualitative.
As with the pairwise approach, the model assumes a perfect alignment of ungapped orthologous sequences. The expectation that small insertions and deletions will accumulate over large evolutionary distances suggests that their absence in a particular region of a deep multiple sequence alignment might alone be sufficient evidence to infer purifying selection. This signature of functional importance is invisible to our model, but its lack does not significantly detract from its utility. In particular, the potential impact of indels on the above analyses diminishes at finer scales of resolution, and also in tight phylogenetic scopes, and this is where we believe that our observations have their greatest importance. When using fine resolution to identify small, highly conserved sequences within larger conserved segments, the impact of indels will be smaller still.
Modeling Assumptions
In place of an estimate of the neutral rate, we now suppose that a correct phylogeny with branch lengths in neutral substitutions per site (subs/site) is available, and that sequence diversity has yielded a phylogeny dense enough that the sequences at each internal node of the tree can be accurately reconstructed. Thus, we take these to be given, ignoring their probabilistic nature, and treat the nucleotide bases on either end of every branch as observed. We simplify the analysis by disregarding any variation in branch lengths across the tree. This is accomplished by distributing the total branch length (in neutral subs/site) across each of the 2N-2 branches of the rooted, bifurcating phylogeny, where N is the number of species in the study. (Given our modeling framework, other idealized tree configurations would be possible, for example, distributing the total branch length evenly among only the terminal branches to produce a star phylogeny.) We suppose that the orthologous nucleotides at each position of a length-L sequence evolve independently along each branch of the phylogeny under a Jukes-Cantor (one parameter; all changes are equally likely) model of nucleotide evolution (54). Under neutral evolution, the probability that the nucleotides spanning a branch agree is p = 1/4 + (3/4) exp(−4D/3), where D is the total branch length T divided by 2N-2. Functional nucleotides evolve more slowly by a factor of gamma (γ ); thus, D is replaced by γ D in the above. To incorporate phylogenetic scope, we use a parameter κ to represent the fraction of the phylogeny's total branch length that lies outside the scope of the functional element. Within the scope, purifying selection constrains the evolution of the element, but outside of the scope, the element evolves neutrally. Note that the same model applies to a loss of constraint in a set of lineages within the scope. Finally, we rely on asymptotic approximations in our calculations and figures. Taken together, this permits evaluation of the interplay between specificity, sensitivity, scope, resolution, and sequence diversity.
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Sequence Diversity
It is well established that sequence diversity, as measured by the total branch length in neutral subs/site, correlates strongly with the performance of a comparative analysis (12, 13, 23, 30, 93) . We considered this relationship in terms of specificity and sensitivity, respectively quantified by false positive and false negative rates (Figure 6a) . To obtain the total branch length from the number of sequences included in the study, each species was assumed to contribute 0.2 subs/site of independent branch length. Small changes in this arbitrary value do not impact the observations; for example, changing to 0.1 subs/site per species and doubling the number of species generates similar results. Traversing from the lower right to the upper left of Figure 6a it is clear that increasing the total branch length uniformly reduces both error rates. The contours of the plot suggest that sensitivity can be obtained at far smaller branch lengths than is possible for specificity; however, this is influenced by our assumption, for this particular analysis, of functional sequence evolving five times slower than neutral (i.e., γ = 0.2).
Contaminating Neutral Sequence
To gauge the impact of including species beyond the scope of an element, we reconsidered this analysis supposing that the sequence evolved neutrally over 10% (κ = 0.1) of the total branch length. Contaminating the comparative analysis with 10% neutral sequence weakened the detection of functional elements considerably (Figure 6b ), as the requirement of 7.7 subs/site for error rates of 10 −6 in the original analysis becomes 10.5 subs/site after contamination. Even discounted for the 10% figure (i.e., 10.5 subs/site-1.05 subs/site), an additional 1.8 subs/site are necessary to counteract the effect of reaching slightly beyond scope. Although we have not considered the large-window detection of a small functional element embedded in neutral sequence, the same calculation applies and underscores the need for high sequence diversity to obtain sufficiently fine resolution.
Resolution Versus Branch Length
It was recently shown that branch length and resolution are inversely proportional under certain modeling assumptions (30) . The same phenomenon holds in our model (Figure 6c) . We fixed the false positive rate at 10 −4 to consider how branch length and element size interact to influence sensitivity. Reasonable false negative error rates can be achieved at 10-bp resolution with 6 neutral subs/site; however, power falls off sharply as element size decreases (Figure 6c ). Introducing 10% contamination is enough to compromise even 10-bp resolution (Figure 6d ). The branch length necessary to restore the previous level of sensitivity is considerable: about 8.4 subs/site are required.
Realism
We are well aware that greater sophistication is necessary to obtain a truly realistic model of the quantitative trade-offs in comparative genomics. Yet there are Figure 6 Trade-offs inherent to comparative analyses. (a) The ability to detect 10-bp functional elements is shown in terms of false positive (FP) rates (vertical axis, log scale) and false negative (FN) rates (horizontal axis, log scale). The total branch lengths required to achieve specified FP and FN levels are described by the plot area. Alternately shaded regions demarcate units of branch length, increasing from lower right to upper left. The solid horizontal line indicates a FP rate of 10 −4 , which is used in subsequent panels; this intersects (at the black dot) the solid vertical line at the contour designating a total branch length of 6 subs/site. The dashed lines indicate matching FP and FN rates of 10 −6 and meet at the hollow circle. (b) The plot of (a) is redrawn to account for comparisons in which 10% of the total branch length lies outside the phylogenetic scope of the element. (c) The ability to detect elements smaller than 20 bp is shown for increasing total branch lengths in terms of the FN rate, with the FP rate fixed at 10 −4 . As the labels indicate, the plot area is alternately shaded in base-ten logarithmic units of FN. The horizontal line represents a total branch length of 6 subs/site, whereas the vertical line designates a resolution of 10 bp. The black dot is located at a position analogous to the same symbol used in (a). (d ) The plot of (c) is modified for comparisons in which 10% of the total branch length lies outside the scope. Here the black dot is located analogously to the same symbol used in (b).
important issues that affect analysis even at this basic level. The discovery of functional elements by genomic comparison is fundamentally a scanning procedure not unlike LOD-score linkage analysis (48). Statistics that do not take this into account, including those that we describe, are instructive but may not accurately reflect practical significance levels. It should also be noted that comparative methods are typically large multiple testing procedures (69) . For instance, scanning a 1-Mbp region for functional elements using nonoverlapping windows of 100 bp requires 1000 independent hypothesis tests. Despite this, simple approaches such as the one employed here are sufficient to reveal the interactions between important parameters that govern comparative analyses. Coupled with a greater understanding of noncoding functional sequence, managing the trade-offs in genomic sequence comparisons will lead to the best analyses possible.
CONCLUSION
The many recent successes of comparative genomics foreshadow a generation of sophisticated analyses that will benefit from an expanding diversity of sequence. Existing studies of deep, orthologous data sets allude to the insights that future work will provide. Discoveries of pan-vertebrate and pan-mammalian functional genomic elements will yield understanding of fundamental biological processes. Identifying less ubiquitous elements can shed light on the genomic differences that distinguish related species, such as those that set primates apart from their mammalian cousins, or those that set humans apart from other primates. Furthermore, competency at characterizing elements under weak purifying selection may lead to an understanding of their role in complex traits and human diseases.
The resolution of functional elements is impacted by sequence diversity in a number of ways. As we become confident in regional estimates of the neutral rate and are able to utilize more realistic models of neutral evolution, our ability to resolve neutral sequence variation will improve. The concomitant reduction of false positives in comparative analyses will enhance specificity, lending confidence that conserved elements are functional even in the absence of a positive experimental assay. By fostering the discovery of further functional sequences, diversity will permit analyses to identify complex patterns and motifs that define classes of noncoding functional elements; incorporating this knowledge into future studies will lead to as-yet-unachieved sensitivity.
Managing the trade-offs inherent to comparative genomics will remain an important part of future analyses, especially in the discovery of functional elements under weak purifying selection. The ability to comprehensively identify and annotate functional sequences is intimately tied to our understanding of the human genome and the processes that have shaped its evolution. Knowledge of these elements and their pathological variants will have a major impact on the comprehension and treatment of human disease.
